Abstract. -The three known varieties of FeS are described and some peculiar features of iron sulfide chnistry are discussed. One introduces the new tool of "similarity operators" for the study of the displacive transitions of FeS (Ta transition) and of MnAs (MnP NiAs type). In pnictides the transitions magnetic -'-non magnetic (MnP type) are first order in conformity with observed changes of volumes and of transition temperatures versus pressure and/or concentration.
INTRODUCTION
All of you know the joke that "chemists are living in direct space, physicists in impulsionor reciprocal space and that they should meet more frequently". Not only this is the case here, but fortunately we have some crystallographers present who connect both spaces by a Fourier* transform. When I had chosen the title which you see in the program, my intention was to give a general survey. But in view of the very abundant (and often contradictory) literature in that broad field -and this introduces already the lecture of Professor Kjekshus-I have restricted my talk to the study of some examples which in spite of the simple chemical formulae show already the complexity of the physical situation. The presence of a magnetic structure will turn out to be as significant as its absence and a newcomer in modern physics and crystallography, the charge density wave, will show its importance.
FeS VARIETIES
There is an incredible richness hidden in a chemical formula like FeS and for its interpretation we shall first rely on the simple Lewis-Kossel rules, say on rare gas like or full shell configuration.
1.1. Ionic case. In the ionic case, electron transfer takes place from a neutral atom 1 which becomes a cation to another neutral atom 2 which becomes an anion with well separated ions and no charge accumulation in between. When we write Fe2+X2wemean that we have transferred from Fe(3d64s2) the two outer s electrons to the X(ns2np4) atom in order to produce a rare gas configuration X2(ns2np6). Here we meet already with a difficulty. Whilst a cation is always stable, a separate anion X2 is unstable in a quantum mechanical calculation. Beforehand one must stabilize the anion X' by the positive potential produced by the ions of the lattice which is of cause the physical situation. Inversely the d-electrons of the cation feel the negative potential contribution of the neighbour anions. Ligand field theory is applicable : the degeneracy of the d electrons will be lifted partially or totally and the IODq effect will play an important role in an octahedral environment. The so-called "ionic" radii of the crystallographer will explain the interatomic distances.
1.2. Covalent case. When approaching two atoms, I and 2, again transfer of one electron takes place from atom I to atom 2, but also a transfer of one electron from atom 2 to 1. The two electrons form a spin compensated pair. There is a charge accumulation between the atoms which stay essentially neutral. (Only in the extreme case of the 112 molecule there are charges + I on atoms I and 2 with a charge accumulation -2 between the atoms). Ligand field theory isno longer applicable. Here the so-called "covalent" radii are used by crystallographers to explain interatomic distances which turn out to be much shorter than in the ionic case**. In that case the FeIIXH species would be written Fe = X where = is the standard notation for a double bond, formed by four electrons, two from the Fe and two from the X atom.
By thi way, Fourier was "Prdfet de Grenoblew ** To the knowledge of the author, there is no quantum mechanical proof, presently available, why "covalent" distances should be shorter than "ionic" distances.
The result is a full d1° shell,a spin compensated configuration around Fe.
Whilst figures Ia and b describe the two extreme possibilities of the FeS "molecule", the figures 2a and b represent the respective formulations Fe2(S2)2 (ionic) and Fe (covalent) of FeS2 (pyrite, marcasite). Note that in the ionic as well as in the covalent cage the transf erred electrons are localized. The subtitle of figures 1 and 2 could be as well the "dream of the (molecular) chemist". Not only is the situation "in between" the extremes a) and b) for molecules but in reality we have to do with crystals in which Fe-Fe and X-X interactions cannot be neglected. Furthermore nature gratifies us with crystalline varieties which "in statu nascendi" do not always represent the most stable form. There are three known varieties of FeS which are tetragonal (mackinawite), cubic (blende) and hexagonal (deformed NiAs type) at room temperature. Table I summarizes some of their relevant properties. In the tetragonal form (1) e has a tetrahedral environment, depicted in figure 3 with very short Fe-S distances of 2.23 A and does not show any magnetic order down to 1.7 K nor any paramagnetic background in neutron diffraction diagrams (2.). It also has the lowest isomer shift 6* and the highest percentage of 4s electrons (2) . This corresponds to a strongly covalent situation so that ligand field theory is not applicable and a (ionic) etg situation is highly improbable.
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say a high value of A. A significant quantity is the overlap integral 5(2) S = <dip> (2) Exchange integrals (and Ndel temperatures) are proportional to the fourth power of S. S can be appreciated by the magnetic moment reduction, measured by neutron diffraction, which goes as 1 -A2 I -
The reduction is here of about 14 %, but can reach much higher values (30 % in Cr2NiS4 (7), Cr3S4 (7) and (8) . The mechanism of the spin reduction in antiferromagnets (Hubbard-Marshall (9)) is clear from equation (I). Spin is transferred from the cation to the anion, and.as in most antiferromagnets the anion has an equal number of cations with plus and with minus spins as first neighbours, the transferred spins cancelon the anion.
Remark. This mechanism is still valid in ferrimagnets to a certain extent. In ferromagnets (and metamagnets near to ferromagnets like MnP) the observed spin reduction is not due to (1) but to either covalent spin paired bonding orbitals p+4 = NB(p + Bd) (3) or to the spinless (itinerant) situation mentioned above. In all cases one has A=B+S and A>S (4) In (1) and (3), A and B stay for antibonding and bonding respectively ; NA and.NB are normalization constants.
To summarize, overlap has antagonistic effects, increasing the exchange integral J but decreaSing the magnetic moment p. In the energy expression, J and p2 vary like S4.
I.5.HexagpnalFeS. Many papers have been written on hexagonal FeS which has a high Ndel temperature, TN = 598 K. It is a typical layer antiferromagnet formed of ferromagnetic + andspin sheets alternating along the c-axis. The spins are in the c-plane between TN and T5 = 445 K where they start rotating towards the c-axis in a temperature interval of about 25 degrees (10). Above Ta = 415 K the structure belongs to the NiAs type (space group G = P63/minc) whilst at Ta a ("poor") metal to (small gap) semiconductor transition takes place (11)(12), accompanied by a deformation to space group g = P62c (13) (14) . At Ta the hyperfine field changes from 240 KOe in the NiAs phase to 300 KOe in the deformed phase and saturates at 323 KOe at 0 K (I1)(I5).
*The orthorhombic distorsion belongs to the irreducible representation r3 of the site group 43m-Td of Fe and [r3J3 contains r.1 (Landau criterion).
Above 600 K(TN) the metallic conductivity drops as in a normal metal and the magnetic moment seems to be higher than spin only (16) (1-teff = 5.22 1-SB, 1-leff(S = 2) = 4.88 1B). At low temperatures the moment determined by neutron diffraction is about 3.57 itg (measured on a sample Fe1-xS with x = 0098 and TN = 600 K) (17) .
The last line of Neutron diffraction measures a magnetic moment of 3.25 on the site 2c) and 1.94 on the site 4i)(24) while the hyperfine fields measured by the Mssbauer effect are 240 and 112 KOe respectively (26) in this ferrimagnet. The Se-Fe0distances are exceedingly short (Sei has 4 neighbours Fe a the average distance of 2.42 A and Se11 has 5 neighbours Fe at the average distance of 2.52 A) which is in favour of the presence of the Se species. The considerable reduction of the moment and hyperfine field is in favour of highly covalent effects. In the same spirit, the pyrrhotite formula could well be near to FeXDS2Se7X (x corresponds to delocalized electrons).
M3ssbauer effect studies see an isomer shift corresponding to Fe2+ (27) (28) (29) . We find however that the S.-Fe distances in the polyhedra around S (j = 1 2, 3, 4) show significant differenes. In he normal prismatic Fe60environment of 4, the average distances d(S-Fe)is 2.57 A, near to the distance of 2.58 A, calculated with the Ahrends radii of Fe2 and S2 whilst theaverage S-Fe distance in the Fe5E environment of 53 is definitely shorter and equal to 2.37 A. This is in favour of the interpretation that the species 53 is near to a 5-configuration (25) .
Stabilization of FeHI. The contributionto the electrostatic energy of a species j is and a cation j will show its highest valency state qj when the potential V at its location3 is as negative as possible. The stabilization of Felil and more generally of high valency states of transition metal cations is a "second shell effect". Whilst the first shell formed by the anions produces a negative potential at the cation location, the secOnd shell formed by cations counteracts this potential by a positive contribution.
Three factors will favour high valency states. i) the second shell cation shows a high difference of electronegativity with the anion so that electron transfer from the second shell cation to the first shell anions will be complete and enhance lvi I ii) the second shell cation is big (distance effect in 1/r) and iii) its valency is small.
Effects ii) and iii) will minimize the positive contribution to the potential at the cation j.
For instance, reasons i) and ii) stabilize Co3 in LaCoO3 ; i), ii) and iii) stabilize tetrahedral Fe" in KFeS2 and CuFeS2. It should be added however that in all instances the moments reported for Fe" are small : 3.85 1-1B in CuFeS2 (30) and 2.43 1JB in KFeS2 (31) at 4.2 K, which is a one-dimensional antiferromagnet. Also the hyperfine field is small, 215 KOe in KFeS2 (32) and the isomershift indicates a 0.35 contribution from the ligand to the 4s orbital so that the total charge on "Fe'11" is 3 -4 x 0.35 = 1.6. The best fit with a point charge model is obtained for q(S) = -1.3 and q(Fe) = 1.6 (32) .
Intermediate valency states. In cubanite CuFe2S3 which is a semiconductor (33), the two iron atoms are equivalent as proven by a unique ?(6ssbauer spectrum (34) . The structure contains iron atom by pairs each iron has a tetrahedrl environment and two tetrahedra share one edge so that the Fe-Fe distance is small, 2.8 A. The magnetic structure in which there are plus and minus pairs of spins along the a axis (see figure 6 ) (35), confirms the model, suggested. in reference (36) . This model was also compatible with representation theory and with the existence of a weak ferromagnetic component along b (37) which extrapolates to 0.04 TJB at low temperatures. In the antiferrotnagnetic mode the moment value per iron is 3.2 biB. A polarized neutron study (38) eliminates the possibility of any moment on the copper atom which is in a Cu+ state. A recent study of the spin density, undertaken in our laboratory shows the form factor of Fe in cubanite to be near to that of Fe3 and far from that of Fe2 (39) (see figure 7 ). Thus one must conclude that the valency state is Fe25 and that in a pair of tetrahedra the Fe atoms share an eg electron (38) . In view of the lack of neutron and magnetic data we only mention the "infinitely adaptive" series of iron barium sulfides like Ba1+Fe2S4 and others (40) in which chains of edge sharing Fe-S tetrahedra run along a crystal axis, barium beingaccominodated between the chains with a periodicity which may be different from that of the iron chains (chage density waves) (41).
SIMILARITY OPERATORS AND PHASE TRANSITIONS
After this short review of some problems of iron sulfide chemistry, let us return to the firm ground of crystallography.
We shall show that the knowledge of the group G at high temperature on one hand, and of the relations between the parameters of the unit cells at high and low temperatures on the other hand restricts considerably the choice of the subgroup g at low temperature.
We shall first recall the theory of similarity operators, a new mathematical tool we have developed recently (42)(43). Similarity operators connect operators and atomic positions in the subgroup to those of the group and will show to be useful in phase transitions. We shall apply this theory to the T transition of FeS and also to the crystallographic high temperature transition of MnAs from the NiAs to the MnP type structure.
2.1. Theory. Definitions. Let G be a space group described in the reference frame (0, A, , ç).
Here 0 is the origin of the translation lattice and , , are the vectors defining the unit cell. A symmetry operator in G will be written (Koster-Seitz notation)
Let g be a subgroup of G described in the reference frame (o, , ., ç). Here o is the origin of the translation lattice and , , are the vectors defining the unit cell in g. A symmetry operator in g will be witten b= (fT)
One has the "lattice relation"
(, , ) = (4, , )S
Here (4, 1?, c) and (4, , ) are row matrices and S is a 3 x 3 matrix.
We define a similarity operator S by S = (S(s) (8) Here T is the vector which separates the origins 0 and o.
Properties of S. The atomic positions in G and in g are related by.
The homologous symmetry operations a in G and b in g are related by aS=Sb (10) 2.2. Application to the T transformation of FeS. The unit cell of the deformed hexagonal structure is defined by te parameters a Av' and c = 2C where A and C are the parameters of the high temperature, a and c of the low temperature form (13) . One has in vector notations
The matrix S is consequently 2 -1 0
0 02
Its determinant is equal to 6 so that the translation group of g, the low temperature group is a subgroup of index 6 of the translation group of the high temperature group G = P63/mmc (NiAs type).
The inverse of S is We start with the non centrosymmetric subgroups of index 2 of G and shall consider later on the centrosymmetric ones.
Maximal non centrosymmetric subgroups of G. These are P63mc, P6322, P62c and P6m2. The next step is to find for these four space groups the subgroups which a1mit the unit cell parameters A/i, A/s, C. They are of index 3 and in the order of the sequence above P63cm, P6322, P6c2 and P62m. The final step is to see if these four groups admit subgroups of index two in which the dimension along Oz is doubled, say c = 2C. There is none except for P62m which admits two subgroups : P62m (isosymbolic) and P62c which are of index 2 x 3 x 2 = 12 with respect to G. We could have inverted the two last steps, by looking first for the subgroups of index two (C doubling) and second for those of index 3 with the same result.
Maximal centrosymmetric subgroups of G. These are P3m1 and P3 Ic, of index two and admit_them-selves maximal subgroups of index 3 (with unit cell parameters Av5, AV, C) which are P31m and P3c1 respectively. Onl! P31m admits C doubling and its final maximal subgroups of index 12 with respect to G are P31m (isosymbolic) and P1c.
The diffraction experiment clearly indicates the existence of a glide plane c so that P62c and P31c are the only candidates.
The procedure is not unique but the result is. We could have started with the (unique) maximal subgroup of index 3 of G, having the translation lattice parameters Avg, Av', C which is P63/mcm. One would then have to choose among the_subgroups of P63/mcm those which allow doubling in the C-direction. They are P31rn and P62c as in the discussion above. Tables (44) The choice of T, say the origin o in g, is by no means trivial. We study here the case (see figure 8 )
which means physically that o is taken on the S atom. If the theory, presented here, is correct, one should find from the operators b above the homologous operators a in G by a = SbS1 where S1 = (S' I-S'T) (19) One finds indeed by straightforward calculations the following a operators in G =Io I ; 2" =. is 6ni2. Thus it is quite instructive to see that the 6 operator which keeps invariant, say (6l0 1 ) has disappeared when passing from G to g.
Position vectors in G and g. From (9) one gets r S1(R -T). The R positions have been chosen so that the r positions resemble those given in ref erence (13) .
The reader may check that if one has chosen T=OOk (18b)
there would be three non equivalent positions of Fe of multiplicity 4 (4f twice and 4e) and two non equivalent S positions of multiplicity 6 (6g and 6h).
The present author confesses that the choice of the origin was a big problem for him when he analyzed the structure (13) . Only recently one has become aware of the importance of this choice. The order of a transition may depend on the choice of the origin (45).
Discussion of P31c. Only T = 0 is possible. g has the generators a, b, e and 3= (I000); c= m"IOOi) Fe
studies alone prove already the equivalence of all Fe atoms (11) . A displacements of Fe (and S) atoms, alluded to in figure 9 will be a=C;b=A;c=A+2B (23) so that the matrix S and its inverse S are given by 121.
117.
R =
in C corresponds to = in g, to be compared to 0.224, , 0.582 for As in NnAs (7/12 = 0.583) (47) (values extrapolated to 298 K).
Displacement modes by representation analysis.
The author has given some ten years ago a theory of non collinear ferroelectrics and antiferroelectrics which is able to enumerate all possible displacement modes when the space group G and the wave vector q are known (48) . This theory+ applies of course to the so called "modulated structures" to which presently much attention is devoted. They are just antiferroelectrics. Here the notion of the wave vector group Gq is important. By definition only those operators a of the group G survive in the group Gq for which / (30) Here is a vector of reciprocal space and Q a vector of the reciprocal lattice of G ; ci is the transpose of c, the rotational part of a (5).
We shall enumerate all displacement modes, possible in Gq and compare them with the small displacements, inferred from the use of similarity operators. As an example we choose the MnP structure, considered as a'aisplacement mode" of the NiAs structure. The treatment is given in full to illustrate the simplicity of the method (48)(49).
Applying (14) , the reciprocal lattice vectors of the MnP lattice are = * ; = A* -; c* = !B* (31) Here the wave vector appears
One has for instance 
x -I -x --0 rhe theory is analogous to the representation analysis outlined for magnetic structures (50) (37). The only difference is that in the magnetic case one has to do with axial vectors (spins, orbital moments) whilst in the electric counterpart one studies polar vectors, say moments which are products of a charge by a displacement. Displacements are polar vectors.
which satisfies (30) (whilst , 6 (6)2 do not). Finally Gq has the following snimetry operations ainccnimonwith G the twofold rotations 2x the helical rotation 21z = (63), the inversion I and their products so that the full notation of Gq is P2/rn 2/c 21/rn (= in the reference frame of G. Thus the x and z axes in the orthorhombic group Gq are along and Q respectively, the y-axis being along * (orthogonal to and Q).
The matrix representatives of the generators of Gq, say 1z' I commute and have their squares equal to the matrix unity so that all irreducible representations r (j = I, 2, 3, 4) of Gq are one-dimensional. On the other hand one finds easily the transformation properties of the small displacements ul, v, wi of the atom 1 at 0 0 0 and u, v2, W2 of atom 2 at 0 0 under the operations of Gq. Primed letters u', v', w' characterize the displacements of the anions I' at and 2' at ---. (When a point differs from the reference points by a lattice translation , its displacements are those of the reference point multiplied by exp2lliq.t. For instance the point differs from the reference point 2'(---) by the translation = I I I so that its displacements are (u', v', w') exp2vi.t = (-u, -v, -wi) -u2 V2 -w2 For instance the characters in r3 being + I, -1, + 1, -I for the respective symmetry operators Q :
2x' 1z' x2Iz and the corresponding displacements being v1, -v, -v2, + one has (35) V(r3) = + I.v1
The basis vectors listed in table 4 define the "displacement modes". For instance, the basis vectors belonging to r3u are completely determined.by making all other basis vectors (of with j # 3) equal to zero. In this particular case one has in r3 : v2 = -v1, w2 =w1 for Mn ;u = -u, w w for P(As) (36) 2.3.3. Small displacements inferred from the similarity operators. We insert in R=Sr+T .
(9)
the r positions 4c) of the space group g = Prima in the order we have adopted in earlier work (51) -3' For Mn we put ZMn= ;XMnE (38) and find the following equations In the same way we put for P(As)
zAs=i ,xAS4a (39) and find
R + (-',
-2E', a') ;
--._j_ Here the displacements (-a') of the reference atoms I' and 2' (cf. R and R') are the same so that w = w which assigns again the representation r3u to the anion dispacements. It is remarkable that there is no coupling of v' and w' coordinates in r3u. However v displacements (say F'(A + 2B)) are allowed by the group g. Thus we must conclude that the v' displacements belong to another representation of Gi . Figure 10 illustrates the displacement modes.
Remark. The displacements are restricted to be in the m plane of Prima so that the u and u' modes which are orthogonal to m can be neglected altogether.
It has, been brought to the attention of the author that the NiAs-MnP type transformation has been already discussed in the frame of the Landau theàry of second order transformations (52) . We hope that the conjugation of representation anAlysis and similarity operators will provide a useful tool for the study of transitions.
Remark. The matrices, constructed for each symmetry operator with the displacements, form a representation of the group which can be reduced by group theoretical technics. It can be * If the dis,placements belonged to only one representations, ' would be strictly zero and 'z(P, As) = j'would be a'tructural invariant".
shown* that r=rpermxv (40) where rperm is the permutation representation and V the (polar) vector representation.
Last, but not least, an hamiltonian i-I. can be constructed on the displacement modes. .J-L is invariant in Gk
is to be minimized under the constraints Remark. It is quite interesting to state that the image of = Pnma in G (see table 2 ) would c&tncide with Gk = Pmcm if in the glide plane operation (mzII I ) one could suppress the glide component 1 1 0. We shall investigate this point in another study (53).
2.4. Peierls instability and naive electron gas theory. Peierls (54) has shown that a one dimensional conductor of equally spaced atoms is unstable arid that a gap is opened near kF, or expressed otherwise the new "Fermi volume" 2kF will just contain the conduction band and (on the low temperature side) an insulator or semi-conductor will be created.
In three dimensions one has in the theory of free electrons N=_Lk (43) 37r where N is the electron density (= number of electrons per unit volume and kF the Fermi vector). If we put kF = (44) one has the simple formula N = 2(L q) (45) *see equation (1.14) in reference (37) c=A+2B
Here If we conjecture that the transition at 390 K in MnAs from the NiAs type to the InP type is a metal-semiconductor transition, there would be 2 electrons per 4Mn atoms, say conduction electron per Mn atom in the metallic phase.
Remark. The cation lattice in NiAs type compounds, with its linear chains of equidistant atoms along Q seemed to offer a unique opportunity for "pairing effects" a la Peierls, but as we have seen the situation is more complexe in three dimensions and the cation displacements are mainly perpendicular to as well in FeS (below Ta) as in the NnP type. The absence of any magnetic order in CoP is in favour of a low spin configuration.
The fact that VP and CrP show no magnetic order is ascribed to short metal-metal distances, producing "spin less" itineracy of d electrons (cf. Fig. 4) In the energy balance of the transition to magnetic order two factors are to be considered i) the expense of elastic energy ii) the gain of magnetic energy
The expense of elastic energy will be roughly proportional to the temperature at which the crystallographic (high temperature) transition MnP NiAs takes place. The magnetic energy will be proportional to the square of the magnetic moment.
3.2. 1. The CrX series. In CrP where d1 (2. 768 A) .. d2(2 .796 A) the MnP type deformation is very strong and "there is no sign of a beginning transformation to NiAs type up to 1300 K" (46) . The gain of magnetic energy is not sufficient to overcome the high elastic energy barrier and no magnetic order can take place.
In CrAs the crystallographic MnP -NiAs transition is observed at 1173 K (46) ± 20. The magnetic transition at TN 260 K to an ntiferromagnetic d2uble helix is first order (60a) (51) (62) (63) and d2 increases from 3.01 A at 285 K to 3.14 A (62) at 90 K. There is a large hysteresis effect so that the parameters of the non magnetic and the magnetic phases may be compared at the same temperature (62) . The moment value is rather small (1.67 p at 4. If As is replaced by the bigger anion Sb, the structure is of the NiAs type (A = 4.03 A C = 5.463 A) at any temperature. CrSb has a completely localized behaviour and nearly the full moment (2.84 TtB at room temperature (64a) is observed in a structure which, as expected, is a collinear antiferromagnet. The Ndel temperature is quite high TN 720 K (64b) and the antiferromagnetism is due to the direct Cr-Cr exchange along C (the distance, is 2.78 A here and 2.68 A in Cr203 in an analogous situation of face sharing octahedra).
One may prepare solid solutions CrAs1_xSbx which, at room temperature, are NnP type as long as the concentration of CrAs is above 59 %. At 4.2 K this limit moves to 42 % where TN reaches its minimum value of 175 K.
Qualitative neutron diffraction studies above TN show the absence of paramagnetic scattering in the forward direction for CrAs, but strong paramagnetic scattering for CrAsO.5SbO.5 (65 (68) , the magnetic moment remaining small (1.3 UB at 4.2 K). Unfortunatelythe author is not aware of any crystallographic study above and below Tc, but thinks that the transition at Tc should be first order. Also there does not seem to exist any crystallographic high temperature study of MnP itself.
In MnAs the temperature at which the crystallographic transition from the high temperature NiAs type to the MnP type takes place is only 393 K (47) much lower than in CrAs so that the elastic energies are in the ratio of 393/1173 1/3 to the effect that in MnAs the gain of magnetic energy is more tian sufficient to overcome the NnP deformation. Here the Mn-Mn distance d2 jumps from 3.37 A on the non magnetic side (MnP) to 3.722 A on the ferromagnetic NiAs side (3.722 A) (47) . The magnetic saturationvalue of 3.4 PB (69) is confirmed by neutron diffraction (3.3 1-lB (47) at 4.2 K) and corresponds to a predominantly high spin state. It is also gratifying to state that above 400 K, one finds normal Curie-Weiss behaviour for the thermal variation of the inverse of the magnetic susceptibility, corresponding to 3.7 ±0.2 tB (see fig. 4 in (70)). It is quite surprising that in the interval of 300 to 400 K where the "commensurate charge density wave of the MnP type" breaks in no electric resistivity measurements have been made. Figure 12 shows the phase equilibrium diagram (47) . In MnBi, the ferromagnetic moment in the NiAs type structure is still higher, 4.5 1tB at 5 K (71), which is ascribed to an orbital contribution (in fact the g-factor measured at -180 C is about 2.4 (72)). When heating, there is a first order transition at 360 C to a state without magnetic moment (69) . This high temperature structure can be quenched when stabilized by small amounts of Sb. Andresen et al. (73) could show that MnBiO.95b0.I crystallizes in an orthorhombic lattice, close to orthohexagonal, as does MnP, but in a different space group which is P2221. It should be noticed that, as Pmcn (Pnma), P2221 is also a subgroup of Qncm and thus a subgroup of index 12 of P63/mmc.
To summarize, all transitions from non magnetic to magnetic order, mentioned above, are first order.
The absence of magnetic order in MnP type compounds is as significant as its presence. For instance VAs (MnP type) does not show any magnetic ordering until the lowest temperatures investigated (74) . The fact that there is no observable crystallographic transition to NiAs type at temperatures up to 1300 K indicates a high deformation energy. On the other hand the magnetic energy gain is too small in view of the small moment of V, compared to Cr or Mn.
One may also speculate that in very high fields CoAs or solid solutions COA5I-xSbx could be switched to ferromagnetic with considerable volume effects.
3.3. Correlation between pressure, chemical substitution, transition temperatures and volume effects. In the same order of ideas, given a magnetic order in a MnP type compound, any physical effect which decreases the metal-metal distances, will bring the d electrons to a more itinerant situation. High pressure will destroy magnetic order in the sequence : ferromagnetism (or collinear antiferromagnetism) -helimagnetism -' itinerant (spinless). The sign of dT,ranldP, say of the variation of the magnetic transition temperature vs.pressure is that o(Vuppe.r -Vlower. When the upper state is spinless, this volume difference is negative. In
CrAs one has dTN/dp = -19°/kilobar (65) . When the upper state is paramagnetic, things are different. For instance in CrAsO.5SbOS, V per(A5 type) > Viower(MnP type) (see fig. I in reference (51)) and consequently, one has dN/dp = + 16°/kb (65) . These values, calculated in the frame of a first order transition (61) are in good agreement with experiment.
Substitution by smaller cations or anions produces the same effect as pressure. When FeP is added to MnP, the volume decreases regularly with the concentration t in MnI_tFetP (75) . The Curie temperature Tc decreasesgradually with t increasing, whereas the temperature of the transition ferro-to heli-magnetic Tf_k increases, starting from 50 K, until t = 0.12 is reached where Tc and Tf_h merge at 215 K (76) . Assimilating the volume decrease to a pressure increase we conclude that in the range 0 < t < 0.12 the difference Vnon magn. -Vferro should be negative so that dTc/dp < 0 whilst the difference Vferro -Vheliman sfiould be positive so that dTf_h/dp > 0. For t > 0.12, there is only one magnetic phase '(helimagn. (77)).
In the solid solution Mni..cFecAs (70) the effects are even more dramatic and can be checked.
Here too the volume decreases with c increasing so that dTtrans /dc varies as dTtrans/dp. On the MnAs rich side the solid solution is limited to 0 < t < 0.12 for annealed samples. MnAs is ferromagnetic down to 0 K at ordinary pressure so that TN (helimagnetism) would be, so to Neither FeP nor FeAs which crystallize in the NaP type show any tendency to convert to NiAs type before they melt. Thus one can foresee high deformation energies, low magnetic transition temperatures (125 K (77) and 77 K (81) respectively), low magnetic energy gains in view of the smallness of the magnetic moment ( 0.5 1B) and consequently only small volume changes. Nevertheless let us assume that the transition from magnetic to non magnetic is first order and see if we find contradictions. In FePiAs a helimagnetic structure is reported for w = 0.1 with TN 96 K so that the transition temperature decreases with increasing As content and increasing volume (82) . The same reasoning as above shows that dTtraijs/dX and VupperVlower must be of opposite signs. Here dTNidx < 0 whence Vupper Vlower > 0. With the parameters indicated in (82) one has V (293 K) = 94.08 A3 and V (80 K) = 93.85 K. The difference is small, but significant.
Thus we think that the conclusions and predictions of this paragraph are essentially correct. They are also in agreement with early high pressure work (83) . However careful single crystal work might be able to transform somewhat our present views on "spinless" itineracy, based on powder data.
Fig. 14. Spin density map on oxygen in Y3Fe5O12
Before I conclude I want to show you a last figure (Figure 14 ) obtained in our laboratory (84) . It represents a spin density map in Y3Fe012 where one has subtracted the spin densities localized on the tetrahedral (T) and octahedral (0) Fe atoms and marked by little stars. What is seen in the middle is the spin density transferred to the oxygene atom, say part of an antibonding orbital (cf. relation (I) of text). To visualize bonding and antibonding orbitals in sulf ides and pnictides by appropriate X-ray and neutron techniques, looks today like a dream. But the dreams of today will be tomorrow reality.
